Investigations of internal
Introduction
Development of optical fiber technology requires applica− tion of new elements having advanced properties worked out during technological processes. Especially, all the ele− ments which use so−called optical transparent technology, i.e., working without taking the light out, provide a very promising fiber structure having small sizes of the elements at a relatively low cost. The elements based on the optical fi− ber taper technology [1] [2] [3] [4] seem to be one of the most inte− resting in this area because they provide small insertion loss as well as geometrical sizes comparable with optical fibers. For the above reasons they are low−sensitive to the influence of the environmental conditions changes and can be easily shielded from this. Moreover, such elements allow us to control the light beam propagation in a fiber. They are fun− damental for manufacturing of advanced hybrid elements like polarization controllers, optical switchers, supercon− tinuum sources, etc. [2, 5] . Finally, the tapering technology is relatively easy and gives the possibility of continuous monitoring of the changes in the light propagation through the fiber during the taper procedure [6, 7] which allows to change parameters of optical fiber without a necessity of drawing of a new fiber.
Theoretical and experimental investigations of changes of the core diameter as well as the refractive index profile along the taper region, especially for different types of ta− pers should be made for a proper manufacture of the ad− vanced elements. This is the concern of the paper.
First, the development of the tapering manufacture is de− scribed. Next, the classification of tapers basing on their shape and waist as well as theoretical description of a ta− per's structure basing on the bulk optics theory is presented. Finally, the experimental data of the internal structure inves− tigation in the taper region using the interferometric tomog− raphy method for the previously described main types of fi− ber tapers are given. Conclusions from comparison of the theoretical and experimental results are also presented.
Set-up and manufacture description of fiber tapering process
The set−up for biconical taper manufacturing fiber−optic taper element technology provides conditions for elongation of a fiber in a low−pressure gas burner. The fiber's heating up to its melting temperature is obtained by a propane−oxy− gen flame whereas the fiber elongation is realized by a uni− form fiber axial stretching at two points located symmetri− cally to the heating point. Figure 1 presents the functional scheme as well as a photo of the FOTET setup developed at the laboratory of the Institute of Technical Physics, Military University of Technology. The main advantage of the set−up is the possibility of its application in manufacturing of different biconical tapers (at a point or on a required length) for all types of fibers, e.g., standard telecommunication fibers or photonic crystal fi− bers. Speed of the fiber elongation can be controlled by the flame movement. A required length of the taper waist can be obtained, too. Biconical fiber tapers of 10 mm to 120 mm long with the waist diameter of several micrometers can be manufactured.
The system of the taper elongation was designed to avoid the fiber's damage (especially braking) and to get a perfect biconical taper, which is achieved by a permanent monitoring of the light propagation through fiber and appli− cation of a special anti−gravitation unit for controlling the flame distance from the taper [8] .
Extra−units for fiber holding and positioning allow us to manufacture advanced elements based on the biconical taper like X type couplers with a required output light power distribution, the in−line polarization switchers and the opti− cal fiber polarizers [2] .
Classification of biconical optical fiber tapers and their theoretical description
Fundamental parameters of the biconical taper which have direct influence on the light beam propagation in the struc− ture are the radius of the taper waist r w , the length of the taper waist L w , and the length of the taper transition z o . Whereas the first two have influence on the access to the light in the fiber structure, the last two (their ratio) have in− fluence mainly on the structure's losses. From technological point of view, the length of the taper waist can be used for the tapers classification as the point, short or long waist ta− pers, according to the description presented below.
Classification of biconical optical fiber tapers
As the taper manufacture is based on elongation of some part of the optical fiber, different types of the biconical taper are obtained by special modifications of the same fabrica− tion technology. In practice, the method of flame travelling under the melted optical fiber is used for fabrication of dif− ferent types of biconical tapers. Figure 2 presents the structure of the point waist taper. Such taper is obtained by heating of the optical fiber with the initial radius r 0 at a point using an immobile flame under the fiber. To obtain the very short taper waist L w , a narrow flame should be used. The taper transition characterized by the decreasing ra− dius r(z) has the adiabatic character but is very long, which can cause losses between the unstretched region and the taper waist. Practically, the diameter of the taper waist 2r w of several micrometers can be obtained for this type of the taper.
Biconical optical fiber taper of point waist type

Biconical optical fiber taper of short waist type
Improvement in the taper characteristics, especially minimi− zation of its losses requires a smaller length of the taper's transition, which can be obtained by a flame brush oscillat− ing movement along the determined fiber segment. Ampli− tude of oscillation is correlated with the length of the taper waist. In this case, the taper with a short waist (diameter of several micrometers) and adiabatic character of the taper transition is manufactured, as shown in Fig. 3 . Such a shape of taper is very often employed in many types of advanced elements due to minimal losses of the light propagation be− tween an unstretched region to the taper waist and back to the unstretched fiber region.
Biconical optical fiber taper of long waist type
An increase in the distance between the fiber and the flame brush during the tapering can be used to manufacture the long waist type taper, according to scheme shown in Fig. 4 . In this case, the amplitude of oscillation is constant and equal to the length of the taper's waist. Technically, the taper with the length of the waist up to 120 mm long can be manufactured, however, this requires an increase in the flame oscillation up to the length equal to the stretched fiber length. This shape is characteristic for very long taper waist but it has a very short taper transition which cannot provide a good transition be− tween the unstretched fiber and the taper waist.
Theoretical description of biconical optical fiber taper
The method of producing of a different shape of biconical tapers presented in the previous chapter can be theoretically described using the Birks theory [3] . It is based on two prin− ciples, a constant volume and a constant distance. Accord− ing to this theory, the part of the cylinder−shape fiber of the length L [ Fig . This condition leads to the conclusion that when heated the fiber is soft enough to be elongated but not so soft to be elongated under its weight. Using the volume principle, the general equation for the radius diameter of the waist change can be obtained in the following form [3] 
where r 0 is the initial radius of the fiber and L w (x) is the waist length dependent on the elongation x. The distance principle gives the general equation for the taper transition length as a function of
where L 0 is the initial length of fiber under heating. The last two relations give the possibility of presenting an analytical relation for different types of tapers.
Point waist type taper
Because in the case of the point waist taper the flame does not move, the assumption that the waist region L w is equal to the heating region L 0 is applied
According to Eqs. (1) and (2), the following equations for the taper transition length and the general taper profile function [3] is directly obtained
This exponentially decaying profile of the taper region can be found elsewhere [9, 10] .
Short and long waist tapers
In the process of short or long waist tapers manufacturing, the heating region increases in the course of the elongation process. This change can be expressed as a linear depen− dence on the taper's extension [3] 
where a is the constant (0 £ a £ 1 for the considered types of the taper) which determines the rates of hot−zone change and the taper elongation. Its application in Eq. (1) . (7) Other taper parameters (the transition length and the taper profile function) have the final form 
It is easy to show that for a ® 0 we have an exponential profile described at the point 3.2.1.
If a = 0.5, the taper's transition has a shape of a recipro− cal curve, it is an example of the short waist taper where 
As one can see from theoretical description, for each type of the taper, geometrical parameters describing the shape of the taper region (the taper's waist radius, length of the taper and the transition length) can be found. However, these parameters do not give information about transforma− tion of the internal refractive index distribution in the taper's structure, especially about the core diameter changes along the taper's region. From this reason, the experimental me− thod for a non−destructive investigation of the internal struc− ture of the taper based on the interferometric tomography has been applied.
Investigation of biconical fiber-optic tapers by interferometric tomography method
The interferometric tomography method [11] is based on the combination of the interferometric data capture (projec− tions) and the tomographic reconstruction of 3D distribution of the refractive index in an optical fiber. In the first stage, the projections of the integrated phases of the object are cap− tured under different angular illumination in the Mach−Zeh− nder interferometer (MZI). The i th phase is calculated by one of the interferogram analysis methods, the temporal phase shifting (TPS) or spatial carrier phase shifting (SCPS) [12] . In this particular experiment, the circular symmetry of the optical fiber is assumed and the single projection, which was lately used as the input data for tomographic recon− struction performed by Abel method, is applied [13] . This assumption simplifies significantly the reconstruction pro− cedure, however, it requires high quality of the integrated phase reconstruction.
The MZI scheme is shown in Fig. 6 . It is a very compact, grating based interferometric system consisting of two sinu− soidal phase grating beam splitters (G1 and G2, both with the frequency 1000 lines/mm) and two mirrors M1 and M2 [14] . The laser beam (l = 535 nm) is divided at the first grat− ing G1 and forms the object and the reference beams. The object beam reflected from the side mirror (M1) is passing through the examined fiber taper (F) which is placed in an immersion tank. It is recombined with the reference beam at the second sinusoidal grating (G2) and it forms an inter− ferogram (fringe pattern) captured by the CCD camera [15] . In the system, the presented interferograms are analyzed by SCPS method which requires a single interferogram only for the phase retrieval [16] . As a result, the integrated object phase is obtained and used for further tomographic recon− struction using the Abel transformation method [13] , which is followed by scaling the local phase to the refractive index values. The sequence of these procedures is shown in Fig. 7 . The scaling is based on the general relation between the measured phase F and the average value of the refractive index n for the light of the wavelength l travelling the opti− cal distance DL
In the tomographic method, the results of phase mea− surement is referred to a volume unit which corresponds to a single pixel size in the object plane dx defined as
where x pix is the pixel size in the plane of the CCD matrix and b is the magnification of the imaging system. 
where (x',y',z') are the co−ordinates given in the number of pixels and n i is the value of the refractive index of the im− mersion oil used in the measurement. According to the investigation presented in Ref. 17 , the accuracy of reconstruction of the refractive index distribu− tion in the cylindrical structure with axial symmetry is ap− proximately 10 -4 with the spatial resolution (for the applied magnification of the imaging system) of 0.5−μm order. As mentioned above, the application of Abel tomographic re− construction requires a low noise input phase map. The MZI system uses the 1200×1600 lines CCD camera which re− cords the interference pattern representing the taper length equal to 500 μm. As conical structure, instead of cylindrical one, is investigated and due to coherent and thermal noise of the system, each line of the CCD camera records a bit differ− ent intensity which is recalculated into the integrated distri− bution of a phase as shown in Fig. 8(a) for ten central lines.
As one can see, each single phase line suffers strong noise which includes a significant random term. The random noise is reduced by applying an averaging procedure over 120 lines in the central CCD area [ Fig. 8(b) ], which corre− sponds to 50 μm along the fiber length. Such procedure is fully justified as the total length of the taper fibers ranges from a few to a few tenths of millimetres with a slow gradi− ent of changes in both diameter and refractive index. This procedure improved the signal to noise ratio in the inte− grated phase values by a factor of 10. These averaged values were used for tomographic reconstruction of refractive in− dex in the given layer. However, this procedure does not re− move the modulations due to the strong diffraction in the core regions because of their non−random character. These modulations are enhanced by the Abel transformation and give strong variations of the refractive index in the order of 0.004 in the core positioned in close proximity of the object axis, Fig. 8(c) . This is the reason why the accuracy of deter− mination of the refractive indexes in the core is approxi− mately a half of the magnitude order lower than in cladding and they are equal to 0.004 and 0.0001 respectively, as shown in Fig. 8(c) . The method, however, is still capable of determination 2D as well as 3D internal structure along the manufactured biconical taper.
Internal structure of refraction index distribution for different types of biconical tapers
The final results of investigations of three types of biconical tapers using the interferometric tomography method de− scribed above are presented in Figs. 9-11 for the point, short and long waist biconical tapers, respectively. A standard telecommunication multimode fiber with 50 μm core and 125 clading diameters has been used for the tapers maufacturing. In all figures, the first set [ Figs taper has the same length in the central part of the taper with constant core diameter, whereas for the point waist taper it is not observed. It proves that moving flame along the fiber gives the possibility of obtaining a constant reduction of the core diameter. For the long waist taper, the constant core diameter can be extended to a long distance with sudden changes in a short region of the taper transition.
Moreover, the refractive index distribution across the fi− ber exhibits the same changes in the waist as well as the transition region of the taper. Consequently, the dispersion characteristic of the fiber can be modified, so this type of taper is commonly used for generation of a supercontinuum spectrum mainly in photonic crystal fibers [18] .
Conclusions
As one can see, the presented methodology is sufficient for determination of the diameter changes along the manufac− tured biconical fiber tapers of all three types of the structure possible to be manufactured using the presented FOTET set−up. However, the inner taper structure changes, espe− cially the refractive index distribution for diferent cross sec− tions along the biconical taper requires application of the interferometric tomography method.
Applying this method, the changes in the core diam− meter as well as cladding along the manufactured taper can be investigated. It shows some characteristic behaviour of the selected types of the biconical tapers. The point waist type structure exhibits continuous changes in the core diam− eter along the taper, whereas for the short and the long waist type structures there exists a region with constant core diam− eters. For the point and the short waist tapers, the core diam− eter changes are similar to the changes in cladding (in the percentage terms). Sudden changes in the core region are observed for the long waist type taper caused by a very short area of the transition region. The long waist type biconical taper seems to be the best structure for the sensor's apli− cation. A very long waist region with a small diameter and low optical losses can be obtained in this case.
The analysis confirms that the set−up FOTET allows us to manufacture a biconical optical fiber with the required parameter like external diameter of the core and clading, the Opto−Electron. Rev., 18, no. 1, 2010 © 2010 SEP, Warsaw parameters od particular regions such as length of the taper transition or the taper waist length and radius. 
